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A 3:1 combination of 5-chloro-2-methyl-4-isothiazo-
lin-3-one (CMI) and 2-methyl-4-isothiazolin-3-one
(MI) is widely used to preserve cosmetic products. We
show here that CMI/MI induced apoptosis in normal
human keratinocytes (NHK) as at low concentrations
(0.001^0.05% documented by subdiploid DNA content
and phosphatidylserine exposure, while at the highest
concentration (0.1% as supplied, 15 p.p.m.) the response
was necrosis.Various molecular events accompanied the
cytotoxic e¡ects of CMI/MI. Generation of ROS and
hyperpolarization of mitochondrial transmembrane
potential (Dwm) were early events, followed by in-
creased Fas expression and activation of caspase-8, and
then activation of caspase-3 and -9. The drop in Dwm
occurred only later in the cell death pathway, when
NHK showed signs of apoptosis. Pretreatment of cells
for 2 h with the redox-active agent N-acetyl-L-cysteine
conferred complete protection against the CMI/MI-in-
duced cytotoxic e¡ects, Dwm loss, and apoptosis. The
pan-caspase inhibitor Z-Val-Ala-Asp(OMe)-CH2F
blocked the CMI/MI-induced apoptosis without pre-
venting ROS generation and the drop in Dwm. These
results indicate that the generation of ROS plays an im-
portant part in mediating apoptosis and necrosis asso-
ciated with CMI/MI treatment. This new aspect of the
in vitro toxicity of CMI/MI may provide important in-
formation about the relationship between the preserva-
tive’s in vitro apoptotic activity and its in vivo toxicity.
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reservatives are an important class of chemicals used to
inhibit the growth of pathogenic and nonpathogenic
microorganisms in a variety of ¢nal products such as
cosmetic creams and lotions, pharmaceuticals, house-
hold detergents, and hygiene products. The combina-
tion of 5-chloro-2-methyl-4-isothiazolin-3-one (CMI) and 2-
methyl-4 -isothiazolin-3-one (MI), in an approximate ratio of
3:1, is commonly used to preserve cosmetic and body care pro-
ducts such as shampoos, skin creams and lotions, as well as toilet
paper and household detergents. CMI/MI is also used as a biocide
in swimming pool water and in various industrial applications. It
is active at very low concentrations against bacteria, fungi, and
yeast. The chlorinated molecule is the more active of the two but
both ingredients are considered biologically functional, although
the mechanism of action is not well understood (Law et al, 1984).
It has been reported that the biocidal activity of isothiazolinone
compounds is due to reactions with the sulphydryl groups of en-
zymes and other proteins (Morris et al, 1984;Collier et al, 1990).
This mixture has also been shown to be a bacterial mutagen
(Monte et al, 1983).
The irritation potential of CMI/MI has been demonstrated by
the hen’s egg chorioallantoic membrane test (Luepke, 1985),
whereas its allergenic potential has been shown by the
lymphocyte transformation test (Stejskal et al, 1990). Studies on
guinea pigs and humans have demonstrated that CMI/MI
can induce contact hypersensitivity; in particular, CMI and
4,5-dichloromethylisothiazolinone (a contaminant present
in Kathon CG) are strong sensitizers, whereas MI is a weak one
(Bruze et al, 1987a, b, 1989). Allergic contact dermatitis reactions to
the preservative and chemical burns have often been described
(Alexander, 2002). Epidemiologic studies have indicated that cos-
metics are the most important cause of sensitization to CMI/MI,
even though the CMI/MI concentrations are low: the maximum
concentration allowed in ‘‘leave on’’cosmetic products is 7.5 p.p.m.
Many studies have investigated the e¡ect of CMI/MI as an al-
lergen and irritant in vivo, but there has been little work on the
cytotoxic potential of CMI/MI in cell cultures. Rivalland et al
(1994) reported CMI/MI cytotoxicity in single layers of human
¢broblast culture, as shown by the MTT (3-(4,5 dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide) test. We previously
reported that CMI/MI was the most toxic of four preservatives
in HL60 cells and that apoptosis was one mechanism of the
CMI/MI-mediated cytotoxicity (Anselmi et al, 2002).
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As CMI/MI is an extensively used preservative in cosmetics,
we investigated its potential e¡ects in vitro using normal human
keratinocyte (NHK) cell cultures and focusing on its apoptotic
potential. Keratinocytes are the predominant cells in the epider-
mis and cultured keratinocytes may be used experimentally to
predict the potential toxicity of chemicals in contact with the
skin.1 Apoptosis is known to occur in the skin after physical in-
jury caused by UV radiation (resulting in sunburn cells) or by
primary skin irritation, in graft-versus-host disease and in cuta-
neous and systemic lupus erythematosus (Kanerva, 1990; Lever-
kus et al, 1997). Knowledge of the molecular mechanism of
CMI/MI may be clinically important for an understanding of its
in vivo e¡ects. Using the MTT test and independent biochemical
indices of apoptosis, we ¢rst showed that CMI/MI induces cas-
pase-dependent apoptosis and necrosis in a concentration-depen-
dent manner in normal human keratinocytes.We also monitored
the production of reactive oxygen species (ROS), mitochondrial
transmembrane potential (Dcm) by rhodamine 123 (Rhod123)
uptake over time, and Fas expression.We found that CMI/MI in-
creased the production of ROS and induced a drop in Dcm.
These events were prevented by preincubation with the antioxi-
dant N-acetyl-L-cysteine (NAC) but not by pretreatment with
the pan-caspase inhibitor Z-Val-Ala-Asp(OMe)-CH2F (Z-VAD-
FMK), which only prevented caspase activation and the appear-
ance of apoptotic features.
MATERIALS AND METHODS
A commercial mixture of 5-chloro-2-methyl-4-isothiazolin-3-one and 2-
methyl-4-isothiazolin-3-one, in an approximate ratio of 3:1 (Kathon CG),
was obtained from Rohm and Haas Company (Philadelphia, Pennsylvania).
Keratinocyte monolayer cultureprimary basal keratinocytes were
obtained from samples of skin taken from patients during dermatologic
operations at the Policlinico Le Scotte, Siena (Italy). All patients gave their
informed consent to the tissue sampling. The investigations have been
carried out in agreement with the Helsinki Principles after approval of
The Institutional Review Board. Cells were harvested by trypsinization,
washed in serum-free medium, counted, and stored frozen until their use.
The cells were then resuspended in serum-free basal keratinocyte medium
supplemented with keratinocyte medium supplement and antibiotics (100
U per mL penicillin and 100 mg streptomycin per mL) (Sigma-Aldrich,
Milan, Italy).
Figure1. Cytotoxicity and induction of apoptosis by increasing
concentrations of CMI/MI in NHK. Cells were incubated with increas-
ing concentrations of CMI/MI (0.001^0.1%) for 10 min, resuspended in
fresh medium and incubated at 371C. (A) Cell viability was evaluated at
0, 3, 6, and 24 h by the MTT test. Values are expressed as percentage 7
SEM (average of ¢ve separate experiments). (B) Frequency distribution his-
tograms of DNA content of PI-stained NHK at 24 h after CMI/MI expo-
sure.The x-axis shows PI £uorescence intensity; the y-axis indicates the cell
number. Similar data were obtained in three independent experiments (C).
Bivariate £ow cytometry dot plots of AnnxV-FITC (FL1)-stained versus PI
(FL3)-stained NHK at 12 h after treatment with CMI/MI. The lower left
quadrant (AnnxV^/PI^) represents viable cells, whereas the upper left (An-
nxVþ/PI^) and upper right (AnnxVþ/PIþ ) quadrants show apoptotic and
necrotic or late apoptotic cells, respectively, and the lower right quadrant
represents nonviable cells, positive only for PI. The x-axis shows log FL3-
£uorescence intensity; the y-axis indicates the log FL1-£uorescence inten-
sity. Similar data were obtained in ¢ve independent experiments.
1Andreassi L, Di Stefano A, Ettorre A, Andreassi M, Sbrana S, Pianigiani
E, Neri P: Keratinocytes apoptosis as a parameter of chemical toxicity:
Flow cytometric analysis in di¡erent conditions of cultivation. J Invest Der-
matol 117(2):405, 2001 (Abstr.)
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Cell treatment Keratinocytes at second to fourth passage, plated in 25
cm2 £asks and grown until 75% to 80% or complete con£uence, were
exposed to increasing concentrations of CMI/MI (0.001^0.1%) for 10 min.
They were then washed with phosphate-bu¡ered saline (PBS) and fresh
medium was added. Cells treated with PBS served as controls.
We chose the concentrations 0.001%, 0.01%, 0.05%, and 0.1% of CMI/
MI solution as supplied by Rohm and Haas Company (respectively 0.15,
1.5, 7.5, and 15 p.p.m. of active ingredients). In fact the maximum allowed
concentration in ‘‘rinse o¡’’ products is 0.1% of Kathon CG (sold as a dilute
aqueous solution of 1.5% of the two isothiazolinones, corresponding to 15
p.p.m. of active ingredients), whereas in ‘‘leave on’’ products it is 0.05%
(corresponding to E 7.5 p.p.m.), as reported in The Cosmetic Ingredient
Review, Inc. 2001.2
Spontaneously £oating cells were collected with the supernatant,
pelleted by centrifugation, and washed with PBS. They were then
combined with adherent cells that were trypsinized (trypsin-
ethylendiamine tetraacetic acid 0.5%, Sigma-Aldrich) until complete cell
detachment. The trypsin was neutralized with medium plus fetal bovine
serum (Gibco, Milan, Italy) and the cells were harvested for analysis at
di¡erent times after treatment.
Cytotoxicity and cell viability In the preliminary study, the cytotoxic e¡ect
of increasing concentrations of CMI/MI (0.001^0.1%) was estimated at dif-
ferent times (0^24 h) by measurement of the rate of mitochondrial meta-
bolism of MTT (Sigma-Aldrich) (Mosmann, 1983). Brie£y, the control and
treated cells were seeded at 1  105 cells per well in 100 mL of medium in
96-well plates and 10 mL of MTT solution (5 mg per mL in PBS) were
added to each well. After 4 h of incubation at 371C, 100 mL of a lysing
bu¡er (10% sodium dodecyl sulfate, 45% dimethylformamide, adjusted to
pH 4.5 with glacial acetic acid) were added to each well and the blue for-
mazan crystals were dissolved by pipetting. The plates were read with a
microplate reader (Bio-Rad, Milan, Italy) using a test wavelength of 595
nm and a reference wavelength of 655 nm. All cell viability assays were
performed in triplicate.
Measurement of cellular DNA content To quantify the percentage of apopto-
tic cells by means of DNA content analysis, we used the simple £ow cyto-
metric method described by Nicoletti et al (1991). At di¡erent times after
CMI/MI exposure, 1  106 cells for each sample were washed in PBS and
the pellet was ¢xed overnight in ice-cold ethanol 70% at ^201C. The cell
suspension was centrifuged, washed twice with 1 mL of PBS and resus-
pended in 1 mL of a PBS solution containing RNAse (type I-A, Sigma-
Aldrich; 1 mg per mL ¢nal concentration) and propidium iodide (PI) (Sig-
ma-Aldrich; 50 mg per mL ¢nal concentration). The tubes were placed on
ice in the dark until the cellular red £uorescence of PI was measured on a
linear scale using a FACSCalibur £ow cytometer (Becton Dickinson,
Mountain View, California) equipped with an excitation laser line at 488
nm and a 575715 nm bandpass ¢lter. At least 20,000 events were recorded
for each sample using Cell Quest software (Becton Dickinson) and the
pulse processing module for doublet discrimination; debris was excluded
from the analysis by an appropriate morphologic gate of forward scatter
versus side scatter.
Measurement of phosphatidylserine expression using £uorescein isothiocyanate
(FITC)-labeled Annexin V (AnnxV) AnnxV binding and PI uptake were
assessed by £ow cytometry using a commercial kit (Boehringer Ingelheim
Bioproducts,Vienna, Austria) according to the manufacturer’s instructions.
Brie£y, at di¡erent times of incubation after CMI/MI exposure, approxi-
mately 2.5  105 cells for each sample were washed twice in PBS and the
pellet was resuspended in 200 mL of the binding bu¡er provided in the kit.
5 mL of the AnnxV-FITC kit stock solution were added to the cell suspen-
sion (1 mg per mL ¢nal concentration) and incubated for 10 min at room
temperature in the dark. The cells were then washed in PBS and resus-
pended in 190 mL of binding bu¡er plus 10 mL of the PI stock solution (1
mg per mL ¢nal concentration). The cells were immediately analyzed with
a FACSCalibur £ow cytometer (Becton Dickinson) equipped with Cell
Quest software (Becton Dickinson).The AnnxV-FITC (green £uorescence)
and the PI (red £uorescence) were both measured on a log scale through a
530720 and 575715 nm bandpass ¢lter, respectively (Di Stefano et al,
2001).
Evaluation of transmembrane potential using double staining with Rhod123 and
PI Mitochondrial transmembrane potential was assessed by £ow cytome-
try uptake of the cationic lipophilic dye Rhod123 and PI using a commer-
cial product (Sigma-Aldrich) according to the method described by
Gorczyca et al (1998). Brie£y, at di¡erent times of incubation after CMI/MI
exposure, approximately 5  105 cells for each sample were washed twice
in PBS and the pellet was resuspended in 500 mL of PBS. Four microliters
of the Rhod123 stock solution were added to the cell suspension (1 mg per
mL ¢nal concentration) and incubated for 30 min at 371C in the dark. The
cells were then washed in PBS and resuspended in 200 mL of binding buf-
fer plus 10 mL of the PI stock solution (10 mg per mL ¢nal concentration).
The cells, kept in ice, were analyzed with a FACSCalibur £ow cytometer
(Becton Dickinson) equipped with an excitation laser line at 488 nm and
Cell Quest software (Becton Dickinson). The Rhod123 (green £uores-
cence) and the PI (red £uorescence) were both measured on a log scale
through a 530720 and 575715 nm bandpass ¢lter, respectively.
Evaluation of ROS production The formation of intracellular ROS was mea-
sured using 20,70-dichloro£uorescein diacetate (DCFH-DA, Sigma-Al-
drich). By this method, it is possible to measure the amount of H2O2
generated by increased oxidative metabolism. Viable cells can deacetylate
DCFH-DA to 20,70-dichloro£uorescein; the latter is not £uorescent but
can react quantitatively with oxygen species within the cell to produce
20,70-dichloro£uorescein (DCF), which is £uorescent and is trapped inside
the cell. The cyto£uorimetric measurement of the DCF produced can pro-
vide an index of intracellular oxidation (Sureda et al, 1999). The cells, plated
in 25 cm2 £asks and grown until 75% to 80% or complete con£uence,
were incubated for 30 min with DCFH-DA (100 mM ¢nal concentration),
then washed, resuspended in fresh medium and treated with di¡erent con-
centrations of CMI/MI (0.001^0.1%). The £uorescence intensity was mea-
sured 1 h after treatment. The cells, kept in ice, were analyzed with a
FACSCalibur £ow cytometer (Becton Dickinson) equipped with an exci-
tation laser line at 488 nm and Cell Quest software (Becton Dickinson).
The DCF (green £uorescence) was measured on a log scale through a
530720 bandpass ¢lter.
Assay of caspase-3, -8, and -9 activity At di¡erent times of incubation after
CMI/MI exposure, the cells were washed in PBS and resuspended in ice-
cold lysis bu¡er (50 mM HEPES, 1mM dithiothreitol, 0.1mM ethylendia-
mine tetraacetic acid, 10% glycerol, 0.1% 3-[(3-cholamidopropyl)di-
methyl-ammonio]-1-propane-sulfonate (CHAPS), pH 7.4, supplemented
with 5 mg leupeptin per mL). After centrifugation at 10,000  g at 41C,
the supernatant was used for the assay of caspase-3 activity. The protein
concentration in the lysate was determined by the Bradford assay (Brad-
ford, 1976). For the assay of caspase-3, -8, and -9, 25 mg of cell lysate were
incubated in 100 mL of assay bu¡er (50 mM HEPES, 10 mM dithiothreitol,
0.1 mM ethylendiamine tetraacetic acid, 10% glycerol, 0.1% CHAPS, pH
7.4, 100 mM NaCl) containing, respectively, 200 mM Ac-DEVD-pNA,
Ac-IETD-pNA, Ac-LEHD-pNA (BioSource International distributed in
Italy by Prodotti Gianni, Milan, Italy). Samples were incubated at 371C in
a microtiter plate reader for 16 h.The enzyme-catalyzed release of p-nitroa-
niline was monitored at 405 nm.The conversion of the substrate was linear
in time and in amount of protein (Di Stefano et al, 2001). The caspase-3, -8,
and -9 activity assays were also performed in the presence of speci¢c inhi-
bitor substrates, respectively, Ac-DEVD-CHO, Ac-IETD-CHO, and Ac-
LEHD-CHO, ¢nal concentration 0.1 mM.
Flow cytometric evaluation of Fas expression After di¡erent times of treatment
with CMI/MI, approximately 5  105 cells for each sample were washed
in PBS and incubated for 30 min at 41C with 1 mg per mL (¢nal concen-
tration) of an R-phycoerythrin (R-PE)-conjugated anti-human Fas mono-
clonal antibody (anti-CD95; Ancell, Milan, Italy) and IgG1-R-PE (IgG1;
Ancell). After washing in PBS, cells were resuspended and analyzed on a
FACSCalibur £ow cytometer (Becton Dickinson). At least 20,000 events
were recorded after exclusion of dead cells and debris on a double morpho-
logic scatter cytogram. A sample with an unrelated IgG1-PE was also used to
evaluate nonspeci¢c labeling. Monoparametric histograms of the £uores-
cence distribution were plotted for the estimation of Fas surface expression.
Cell pretreatment with NAC and Z-VAD-FMK In some
experiments, cells were pretreated with NAC (10 mM) or Z-VAD-FMK
(50 mM) 2 h before exposure to the di¡erent concentrations of CMI/MI.
In another series of experiments, NAC was added to the culture medium
immediately after treatment with CMI/MI. Using the methods and times
after treatment reported above, we analyzed the cells for ROS production,
changes in Dcm, AnnxV-binding, DNA content, caspase activity, and Fas
expression.
2Final report on the safety assessment of methylisothiazolinone and
methylchloroisothiazolinone (eds). Mary Ann Liebert, Inc. Publishers. J
Am CollToxicol 11:75^128, 1992
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RESULTS
Cytotoxic e¡ects of CMI/MI in NHK In the ¢rst series of
experiments, we evaluated the e¡ect of CMI/MI on keratinocyte
viability using the MTT test. As shown in Fig 1(A), the cell
viability of keratinocytes from 0 to 24 h decreased in a time-
and concentration-dependent manner. When human
keratinocytes were treated with 0.001% CMI/MI there was no
evident decrease of cell viability, with the exception of 24 h after
exposure; however, cell viability strongly decreased as the CMI/
MI concentration was increased from 0.01% to 0.05%. At the
highest concentration (0.1% CMI/MI), there was an acute loss of
cell viability even at 0 time. At 3 h after treatment, many cells
exposed to the highest concentration (0.1%) appeared to become
rounded and £oated in the medium (data not shown). It is well
accepted that an early parameter of acute cellular damage is the
loss of ability to grow adhering to the substrate (Chen et al, 2000).
CMI/MI induces apoptosis and necrosis in NHK To
determine whether the loss of cell viability was due to
apoptosis, we stained NHK with PI and analyzed the DNA
content by £ow cytometry. Exposure of NHK to CMI/MI for
10 min caused the appearance of subdiploid DNA content,
which has been reported to be apoptotic DNA (Darzynkiewicz
et al, 2001). The sub-G0/G1 DNA peak was barely evident at 12 h
after exposure to 0.001% to 0.05% CMI/MI (data not shown),
but it was clearly visible at 24 h and the reduction of the diploid
peak was evident (Fig 1B). In contrast, no sub-G0/G1 peak was
noted at a ¢nal concentration of 0.1% CMI/MI at any time after
treatment. In parallel experiments we measured phosphatidylserine
exposure, considered an early marker of apoptosis, by AnnxV-
FITC binding. Figure 1(C) compares representative £ow
cytometry plots obtained from control keratinocytes and CMI/
MI-treated cells at 12 h after treatment when the phosphatidyl-
serine exposure became evident. Cells were simultaneously
stained with PI and analyzed by £ow cytometry. Figure 1(C)
indicates that 6.11% of untreated NHK were AnnxV positive,
12.74% were AnnxV and PI positive, and 6.35% were PI
positive. The high number of apoptotic cells was likely due to
membrane damage during their detachment from the culture
£ask by trypsinization (van Engeland et al, 1998). When cells
were treated with 0.001% CMI/MI, however, there was a slight,
nonsigni¢cant increase of both AnnxV-positive and AnnxV/PI-
positive cells. At higher concentrations (0.01^0.05%), most cells
were positive for AnnxV and AnnxV/PI, con¢rming a late stage
of apoptosis. These data are consistent with CMI/MI-induced
apoptosis. At the highest CMI/MI concentration (0.1%), only
the percentage of AnnxV-positive and PI-positive cells increased
dramatically; this suggests that cell death was by necrosis,
as con¢rmed by cell detachment and lack of a subdiploid
DNA peak.
CMI/MI induces changes in mitochondrial transmembrane
potential and an early increase of ROS production It is
Figure 2. Flow cyto£uorimetric analysis of mitochondrial transmembrane potential and ROS production in NHK exposed to increasing
concentrations of CMI/MI. Untreated and CMI/MI-treated NHKwere loaded for 30 min with Rhod123 at 1 h (A) and 12 h (B) after treatment and
the £uorescence intensity was determined by £ow cytometry. These experiments were performed three times with very similar results. Open curves corre-
spond to control cells, whereas shaded curves represent treated cells. The x-axis shows log FL-1 £uorescence intensity; the y-axis indicates the cell number.
Decreased £uorescence (highlighted by the marker) indicates reduction of mitochondrial transmembrane potential (Dcm). The percentage of cells with
decreased Dcm is reported. (C) Cells were incubated for 30 min with DCFH-DA, then washed and resuspended in fresh medium and treated with CMI/
MI. At 1 h from treatment the £uorescence intensity was determined by £ow cytometry. Similar data were obtained in four independent experiments. Open
curves correspond to control cells, whereas shaded curves represent treated cells. The x-axis shows log FL-1 £uorescence intensity; the y-axis indicates the
cell number. The amount of ROS production was quanti¢ed as the percentage of cells with increased £uorescence relative to control.
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widely accepted that the mitochondrion plays a crucial part in
necrosis and in many types of apoptotic responses. Therefore, we
wished to evaluate the mitochondrial involvement in cell death
induced by CMI/MI. One of the biochemical events noticed in
the apoptotic process is the variation of mitochondrial
transmembrane potential. We used Rhod123 to monitor DCm:
Rhod123 is readily incorporated into mitochondria in a manner
dependent on DCm. Untreated cells and cells treated with CMI/
MI were loaded with Rhod123; the £uorescence intensity was
then analyzed by £ow cytometry and plotted as a £uorescence
histogram. At 1 h after the 10 min exposure to CMI/MI, an
increase of Rhod123 £uorescence was detected in NHK at ¢nal
concentrations of 0.05% and 0.1% CMI/MI (Fig 2A). At 6 h,
the £uorescence intensity of treated cells had returned to control
levels, whereas the 0.1% CMI/MI-treated cells were still
hyperpolarized (data not shown). At 12 h, the Rhod123
£uorescence was signi¢cantly reduced at all concentrations; the hi-
ghest decrease of DCmwas observed at 0.05% CMI/MI (Fig 2B).
To detect the production of ROS, we loaded NHK with a
chemical probe, i.e., DCFH-DA, which becomes £uorescent
upon oxidation. Figure 2(C) shows a concentration-dependent
increase in £uorescence, measured by £ow cytometry, just 1 h
after exposure of the cells to CMI/MI (0.01^0.1%). The ROS
production in NHK treated with 0.001% CMI/MI was not
signi¢cantly di¡erent from that in control cells.
CMI/MI stimulates caspase-3, -8, and -9 activity To evaluate
the involvement of caspases in CMI/MI-induced apoptosis, we
assayed caspase-3, -8, and -9 in lysates made from keratinocytes
harvested at 3, 6, and 12 h after the 10 min exposure to di¡erent
CMI/MI concentrations. Figure 3 shows that CMI/MI treatment
induced an increase of caspase-3 (Fig 3A) and caspase-9 (Fig 3C)
activity 6 and 12 h after exposure. CMI/MI also induced an
increase of caspase-8 activity (Fig 3B) before the activation of
caspase-3 and -9. The activation of caspases was concentration
dependent at ¢nal concentrations of 0.001% and 0.01%. There
was a smaller increase of caspase activation with 0.05% CMI/MI
than with 0.01% CMI/MI, except for caspase-3 at 12 h. No
activation was observed with 0.1% CMI/MI, con¢rming that
cell death was by necrosis. The activation of caspase-3, -8, and -9
was inhibited by addition of speci¢c inhibitor substrates,
respectively, Ac-DEVD-CHO, Ac-IETD-CHO, and Ac-LEHD-
CHO, ¢nal concentration 0.1 mM (data not shown).
CMI/MI increases the expression of Fas on the NHK cell
surface To investigate the molecular mechanism of CMI/MI-
induced apoptosis, we evaluated the regulation of cell surface
expression of Fas by £ow cytometric analysis. Controls and
treated cells were stained with anti-Fas-R-PE monoclonal
antibody and analyzed by £ow cytometry. Figure 4 shows that
cell surface expression of Fas increased 3 h after treatment with
0.01% and 0.05% CMI/MI (Fig 4A). At 6 h, only a slight shift
of £uorescence was detected at a ¢nal concentration of 0.01%
(Fig 4B). At 3 h and 6 h, no variation of Fas was detected at the
lowest CMI/MI concentration (0.001%). At 12 h and 24 h, no
variations of Fas expression were observed at any of the
concentrations (data not shown).
E¡ects of NAC or Z-VAD-FMK on ROS production, DWm
changes, induction of apoptosis, caspase activation, and Fas
expression To determine the roles of oxidative stress and
caspases in CMI/MI-induced cytotoxicity, we tested the e¡ect of
a 2 h preincubation of NHK with NAC (10 mM) or Z-VAD-
FMK (50 mM) before and after (NAC only) treatment with the
di¡erent concentrations of CMI/MI. Figure 5 only reports the
data for 0.05% CMI/MI, as the results were similar for the other
concentrations. As shown in Fig 5(A), NAC pretreatment
inhibited all features of apoptosis, such as phosphatidylserine
exposure, appearance of subdiploid DNA content and the loss of
Dcm 12 h after CMI/MI treatment. Moreover, NAC completely
inhibited ROS generation and protected cells from the
mitochondrial hyperpolarization observed only 1 h after CMI/
MI treatment (Fig 5B). NAC also prevented the increase of Fas
expression and caspase activation (data not shown).When NAC
was added after CMI/MI treatment, no protective e¡ect was
recorded. This con¢rmed that ROS production was the early
event generating cytotoxic e¡ects of CMI/MI in NHK (data
not shown).
Pretreatment of NHKwith the pan-caspase inhibitor Z-VAD-
FMK (¢nal concentration 50 mM) did not prevent the CMI/MI-
Figure 3. Time-course of caspase-3, -8, and -9 activity in NHK
treated with increasing concentrations of CMI/MI. Lysates (25 mg),
made from NHK treated with di¡erent concentrations of CMI/MI at dif-
ferent times after treatment (3, 6, and 12 h), were incubated in 100 mL of
assay bu¡er containing the speci¢c tetrapeptide substrates, Ac-DEVD-
pNA (200 mM), Ac-IETD-pNA (200 mM), and Ac-LEHD-pNA (200
mM). Caspase activity is expressed as the OD 405 nm value7 SEM. Simi-
lar data were obtained in three independent experiments. (A) Caspase-3
activity; (B) caspase-8 activity; (C) caspase-9 activity.
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induced generation of ROS, the increase in DCm observed after
only 1 h and the drop of Dcm at 12 h (Fig 5A,B). The appearance
of subdiploid DNA content, phosphatidylserine exposure, caspase
activation, and Fas expression, however, were inhibited at
apoptotic concentrations. Nevertheless, when caspase activation
was inhibited during cell culture up to 24 h and the NHKwere
exposed to apoptotic concentrations of CMI/MI, they showed
necrotic phenotypes. This suggests that in the absence of caspases
the cells are already committed to death (data not shown).
DISCUSSION
The results of this study show that short exposure (10 min) of
NHK to CMI/MI at ¢nal concentrations of 0.001% to 0.1%
(0.15^15 p.p.m.) induces cytotoxic e¡ects in a concentration-de-
pendent manner, as demonstrated by the MTTassay, which is de-
pendent on mitochondrial redox reactions. Flow cytometric
analysis using the ROS-sensitive probe DCFH-DA showed that
CMI/MI treatment is associated with early ROS generation. In
fact the primary event in NHK exposed to CMI/MI appears to
be a concentration-dependent increase of ROS production. Re-
cent evidence indicates that, whereas high concentrations of ROS
are toxic to cells, at low concentrations they may function as in-
tracellular messengers to modulate signaling pathways, including
apoptosis (Sara¢an and Bredesen, 1994). In line with these obser-
vations, we show here that exposure of NHK to low concentra-
tions of CMI/MI (0.001^0.05%) activates the apoptotic
machinery in normal cells. The appearance of subdiploid DNA
content occurred at 12 h and 24 h after treatment, whereas phos-
phatidylserine exposure became evident after 12 h. Both nuclear
and cytoplasmic features of apoptosis in NHK appeared later than
in tumor cells treated with CMI/MI in the same conditions (An-
selmi et al, 2002). CMI/MI (0.001^0.05%) seems to have induced a
delayed apoptotic response in NHK, which is a peculiarity of ker-
atinocytes; in fact delayed apoptosis is also triggered by UV ra-
diation and thermal injury (Matylevitch et al, 1998; Godar, 1999).
At the highest concentration (0.1%), most cells appeared AnnxV
and PI positive only 12 h after exposure, suggesting that the pre-
dominant form of cell death is necrosis. Thus CMI/MI-induced
apoptosis is the response of NHK to a less severe injury than the
one causing necrosis (Kanerva, 1990). Our results con¢rm the data
for benzalkonium chloride (De Saint Jean et al, 1999) and ammo-
nium quaternary compounds (Debbasch et al, 2001a), preserva-
tives used in many ophthalmic solutions, which showed that
cells undergo either necrosis or apoptosis depending on the in-
tensity of the death stimulus.
Mitochondria are the main organelles producing ROS and one
of the main cytotoxic targets of ROS. Hydrogen peroxides, pro-
oxidants, and direct cross-linkers of SH groups can induce dis-
ruption of the DCm, leading to either necrosis or apoptosis de-
pending on their strength and duration (Zoratti and Szabo, 1995).
The loss of DCm leads to the mitochondrial release of apopto-
genic proteins; this transactivates caspase-9, which then cleaves
caspase-3 (Zou et al, 1997. Thus the decrease of DCm is an early
biochemical event in many types of apoptosis, occurring up-
stream of caspase activation. The data obtained with Rhod123, a
mitochondrial probe, clearly show that mitochondrial function is
a¡ected by CMI/MI, although the kinetics is peculiar. An early
event in the molecular mechanism induced by CMI/MI is an in-
crease of DCm, which precedes the phosphatidylserine externali-
zation and the appearance of subdiploid DNA. The
mitochondrial transmembrane potential of NHK then returns to
normal and at longer times of incubation there is an evident de-
cline, suggesting that the drop of DCm occurs late in CMI/MI-
induced apoptosis, concomitant with the appearance of speci¢c
apoptotic markers.
Our results are consistent with a recent study showing an early
increase of DCm followed by a drop in DCm as a late event in
Fas-mediated apoptosis (Banki et al, 1999); they also agree with
other studies reporting an increase of DCm at an early stage of
necrosis (Gorczyca et al, 1998). Debbasch et al (2001b) reported that
mitochondrial injury is the point of no return in the mechanism
involved in apoptosis induced in Chang conjunctival cells by pre-
servative-containing eye-drops.
These data prompted us to evaluate the role of caspases in
CMI/MI-induced apoptosis and the relationship between changes
of DCm and caspase activation. Indeed one of the most widely
recognized events at various stages of apoptosis is the activation
of caspases, a family of cysteine proteases. Caspase-3 has been
Figure 4. Fas expression in NHK treated with increasing concentrations of CMI/MI. Monoparametric £uorescence histogram (Fl-2) of Fas (Anti-
CD95-R-PE) expression plotted versus unrelated control (IgG1-R-PE) in NHK at 3 h and 6 h after treatment with increasing concentrations of CMI/MI.
The increase of Fas expression relative to IgG1was evaluated as the mean £uorescence shift. Open curves correspond to control anti-IgG isotype, whereas
shaded curves represent cells positive to anti-CD95.The x-axis shows log FL-1 £uorescence intensity, the y-axis indicates the cell number. (A) Fas expression
at 3 h after treatment; (B) Fas expression at 6 h after treatment. Similar data were obtained in three independent experiments.
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well characterized and seems to act in the central pathway of the
apoptotic process.
We used two approaches to investigate the role of caspases.
First we assessed the time-course of caspase activation. Caspase-3
is a likely candidate to mediate CMI/MI-induced apoptosis, as
shown by the increase of DEVDase activity at all concentrations
tested (except 0.1% CMI/MI), with the peak at 12 h. Moreover,
caspase-9 and more interestingly also caspase-8 increased after
CMI/MI treatment, with the maximal caspase-8 increase occur-
ring before the increase of caspase-9 and -3.
In a second approach we used the pan-caspase inhibitor Z-
VAD-FMK. Whereas it inhibited the appearance of subdiploid
DNA content and caspase activation, it did not prevent the
CMI/MI-induced ROS generation and the changes in DCm.
Thus ROS production and the mitochondrial changes occurred
independently of caspase activation.
Although activation of caspase-3 and -9 is expected, the activa-
tion of caspase-8, an apical caspase, is surprising. Caspase-8 is in-
volved in the apoptosis pathway mediated by the triggering of
death receptor Fas (also known as CD95 or APO-1). Apoptotic
signals triggered by the Fas system could be transmitted by cas-
pase-8 followed by caspase-3 (Wesselborg et al, 1999) or by the
mitochondrial pathway (Luo et al, 1998). The increase in caspase-
8 prompted us to test whether the Fas pathway is involved in
CMI/MI-induced apoptosis.
Fas expression was increased at 3 h after treatment with CMI/
MI (0.01^0.05%), which is the time of maximal increase of cas-
pase-8. The increase of Fas expression and caspase-8 activation
appears to be important for apoptosis induced by CMI/MI,
although it appears to be restricted to a few cells; however, the
mitochondrial events could contribute to ampli¢cation of the cell
death signal. The Fas system is involved in in£ammatory and in-
fectious skin diseases, such as contact dermatitis and herpesvirus
infection (Freiberg et al, 1996; Teraki and Shiohara, 1999; Wehrli
et al, 2000). Thus an intriguing hypothesis relating our in vitro data
with in vivo e¡ects is that Fas/FasL-mediated apoptosis may play a
part in the widely described allergic contact dermatitis reactions
to CMI/MI (Alexander, 2002); indeed most of the Fas increase
occurred at a ¢nal concentration of 7.5 p.p.m., the maximum le-
vel allowed in ‘‘leave on’’ products. Further studies to test our hy-
pothesis will be performed in a keratinocyte T cell coculture
system, as an in vitro model.
That the generation of ROS plays a crucial part in both necro-
sis and apoptosis induced by CMI/MI is supported by the ¢nding
Figure 5. E¡ects of the antioxidant NAC and the pan-caspase inhibitor Z-VAD-FMK on AnnxV-binding, changes in mitochondrial trans-
membrane potential, sub-G0/G1 peak and ROS production in NHK treated with CMI/MI. Cells were preincubated in the absence or in the pre-
sence of NAC (10 mM) for 2 h or Z-VAD-FMK (50 mM) and then exposed for 10 min to 0.05% CMI/MI. (A) After 12 h the cells were stained with AnnxV-
FITC to evaluate phosphatidylserine exposure or with Rhod123 to monitor the drop in Dcm or with PI to evaluate the percentage of cells in the sub-G0/G1
phase. (B) After 1 h the cells were stained with Rhod123 to evaluate the increase of mitochondrial transmembrane potential or with DCFH-DA to evaluate
ROS production.
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that preincubation of NHKwith the antioxidant NAC comple-
tely prevented the generation of ROS, the changes in DCm and
the appearance of all markers of apoptosis, including caspase acti-
vation and increased Fas expression. The timing of the NAC ad-
dition was important: NAC had to be present before CMI/MI
treatment, as no protective e¡ect was observed when it was added
immediately after CMI/MI treatment. As an antioxidant, NAC
can act as a scavenger of reactive intermediates either by itself or
indirectly as a precursor of glutathione (De Vries and De Flora,
1993). How CMI/MI induces the generation of ROS remains to
be determined. CMI/MI can interact with sulphydryl groups of
enzymes and other proteins, however, and the speci¢c chemical
reaction of CMI/MI with glutathione has been reported in vitro
(Morris et al, 1984;Collier et al, 1990; Gruvberger and Bruze,
1998). Therefore, we can speculate that one potential target for
CMI/MI within NHK are cellular thiols such as glutathione (in
addition to sulphydryl groups of critical proteins) and that the
subsequent decrease of the endogenous antioxidant defense sys-
tem provides an oxidative trigger for cell death. Our hypothesis
is supported by recent evidence suggesting that the depletion of
glutathione is a stimulus leading to apoptosis in di¡erent cell
types (Merad-Boudia et al, 1998; Ghibelli et al, 1999). As NAC
can counteract the cytotoxic e¡ects of CMI/MI only if present
before CMI/MI exposure, we believe that it exerts its protective
e¡ect as a glutathione precursor rather than as a radical scavenger.
Nevertheless, we cannot rule out the possibility of direct reaction
of CMI/MI with NAC during the short time of incubation.
In summary we have demonstrated for the ¢rst time that ROS
generation is an early and causal step in the apoptosis and necrosis
associated with CMI/MI treatment. Moreover, the induction of
caspase-dependent apoptosis and the involvement of the Fas
pathway may play a part in allergic contact dermatitis reactions
to the preservative. This new aspect of the in vitro toxicity of
CMI/MI may provide important information about the relation-
ship between the preservative’s in vitro apoptotic activity and its in
vivo toxicity.
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